Comprehensive neutron scattering studies were carried out on a series of high-quality single crystals of Cu 1−x Zn x GeO 3 . The Zn concentration, x, was determined for each sample using Electron Probe Micro-Analysis. The measured Zn concentrations were found to be 40-80% lower than the nominal values. Nevertheless the measured concentrations cover a wide range which enables a systematic study of the effects due to Zn-doping. We have confirmed the coexistence of spin-Peierls (SP) and antiferromagnetic (AF) orderings at low temperatures and the measured phase diagram is presented. Most surprisingly, long-range AF ordering occurs even in the lowest available Zn concentration, x=0.42%, which places important constraints on theoretical models of the AF-SP coexistence. Magnetic excitations are also examined in
I. INTRODUCTION
In 1993 the discovery of an inorganic spin-Peierls (SP) compound, CuGeO 3 , was first reported by Hase et al. 1 This material has chains of Cu 2+ (S = 1/2) along its c-axis which distort into dimers below the SP transition temperature, T SP = 14.2K. 2 The dimerized structure has a singlet ground state and a triplet excited state; singlet-to-triplet excitations were demonstrated by Nishi et al. 3 using inelastic neutron scattering. CuGeO 3 is interesting not only because it is the first known inorganic spin-Peierls system, but also because evidence is mounting that it does not behave like a typical SP system. It has been believed that good one-dimensionality was needed for a material to undergo a spin-Peierls transition.
However nearest-neighbor exchange parameters, estimated from the dispersions of magnetic excitations 3 imply that the intrachain coupling is only 10 times stronger than the interchain coupling, which is far smaller than is found for other one-dimensional systems, typically 10 2 to 10 4 [ 7, 8] . Recent neutron-scattering measurements have revealed that the softening of a zone-boundary phonon as expected in ordinary SP systems does not exist. 4 In addition, highpressure neutron scattering studies 5, 6 have shown that as the pressure increases, T SP and the SP energy gap increase while the lattice dimerization decreases, implying an additional mechanism, such as a spin-only effect, is at work. The susceptibility above T SP 1 and the critical exponent β of the SP energy gap 9,10 both deviate substantially from the theoretical calculations of Bonner and Fisher 11 and Cross and Fisher 12 respectively, which work well for organic SP systems. Castilla et al. 13 have recently proposed one possible theoretical model where the magnetic properties of CuGeO 3 can be well described by the one-dimensional
Heisenberg model with competition between nearest-neighbor and next-nearest neighbor antiferromagnetic interactions.
Shortly after the discovery 1 of CuGeO 3 , a series of extensive studies were begun on samples with small amounts of dopant. Investigations have concentrated on systems where Cu atoms were replaced with Zn [14] [15] [16] [17] [18] [19] or Ge was replaced with Si. [20] [21] [22] 19 showed that the SP and AF states also coexist for samples having a nominal range of 2 -6% Zn. The coexistence of a SP singlet state and AF ordering was quite a surprise since it was thought that these two ordered states were mutually exclusive, and it adds another puzzle to the already unusual SP state in CuGeO 3 . Recently, Fukuyama et al. 23 have proposed a theoretical model for disorder-induced antiferromagnetic long range order within a spin-Peierls system. This model concludes that an infinitesimal amount of impurity can induce a long-range AF state in a spin-gap system (which includes spin-ladders and two dimensional systems, as well as SP systems). The comparison of this theory with our experimental results will be presented.
In the present paper comprehensive neutron scattering results are presented studying Zn-doped CuGeO 3 single crystals grown by the floating-zone (FZ) method. The amount of Zn-dopant, x, was carefully determined using Electron Probe Micro-Analysis (EPMA) for each crystal. The SP dimerization and the AF magnetic moment are surveyed as a function of x. Magnetic excitations in both the SP and the SP-AF coexistence states were studied in detail as a function of temperature, q, and x yielding some important conclusions about the interplay of the AF and SP states.
II. EXPERIMENTAL DETAILS A. Sample Preparation
A series of relatively large (∼ 0.4 cm 3 ) Cu 1−x Zn x GeO 3 single crystals having nominal
Zn concentrations of 1, 2, 4, 6, and 8% were grown using the floating-zone (FZ) method.
The crystals grow along the c-axis (the chain direction) and typically had mosaic spreads of less than 0.3 degrees. As shown in Figure 2 , the crystals were cut into several parts for characterization using Electron Probe Micro-Analysis ( As the Zn concentration increases, it becomes more difficult to grow a single crystal with a single domain. In order to obtain high quality single crystals with small mosaic spreads, the speed at which the zone is moved must be kept slow. On the other hand, impurities (Zn atoms) tend to be purged from the melted zone if the growth process is too slow. It is thus difficult to fabricate crystals both of high quality and with high Zn concentration. We were able to grow crystals with a fairly wide range of Zn concentrations enabling a systematic study of the effects of Zn doping. The homogeneity of the Zn concentrations was checked by measuring various regions (2 × 2 µm 2 each) of the samples by EPMA. These homogeneities are quoted as uncertainties in Table I which also presents the crystal volumes and measured transition temperatures. Both SP and AF transitions are quite sharp, consistent with small error bars in the actual Zn concentrations.
B. Neutron Scattering Spectrometers
Neutron scattering measurements were carried out using triple-axis spectrometers on the H7 and H8 (14.7 meV incident energy neutrons), and H9a (5 meV (1 2 1) peaks fill this need and are used for our data analysis.
III. ORDER PARAMETERS A. Phase Diagram
The transition temperatures T SP and T N , where the sample enters the SP and AF states respectively, were determined for each crystal using both magnetic susceptibility measurements and observing critical scattering peaks in the neutron studies. Figure 3 plots the intensity of the SP and AF superlattice peaks as a function of temperature for 3.2 and 0.42% Zn-doped samples. T SP and T N for each crystal are summarized in Table I . The full phase diagram including susceptibility data from numerous crystals is presented in Figure   1 .
The most significant result here is that AF ordering is observed for even the smallest available amounts of Zn, x = 0.42%. As shown in Figure 3 (b), the AF superlattice peak is nearly resolution limited demonstrating that a long-ranged Néel ordering is induced by very small amounts of Zn impurities. A second interesting result is that T SP and T N change as
x is increased to about 2%, but then do not change much for Zn concentrations exceeding 2%.
B. Dimerization
Hirota et al. 2 determined that as the dimerization occurs below T SP , the (
) superlattice peaks, with h and l odd and k any integer, appear. The intensities of the SP superlattice peaks decrease continuously as a function of increasing Zn content indicating a weakening SP dimerization. The transition is less sharp in the Zn-doped crystals compared to pure CuGeO 3 , and it can be estimated by fitting the data with a power law model which includes a Gaussian distribution of transition temperatures.
Using the maximum intensity of these SP superlattice peaks (at about 6 K), the dimerizing atomic displacement, δ, can be calculated as compared to the displacement in pure CuGeO 3 , which we define as δ 0 . To normalize with respect to crystal volume, the extinctionfree (1 2 1) Bragg peak is used as a reference for each sample. The structural factor F is calculated for each peak using the relation F = √ I sin 2θ, where I is the measured intensity and θ is the scattering angle. The approximate atomic displacements are now calculated for each dopant level by comparing the ratio F obs (
)/F obs (1 2 1) for each Zn-doped sample to the known ratio in the undoped case. The numerical results are presented in Table I . As the Zn-doping increases, the average atomic distortion is reduced dramatically; by adding only 1% Zn the dimerizing atomic shift loses 1/3 of its magnitude.
C. Antiferromagnetic moment
Hase et al. 14 found that the AF ordering is associated with a superlattice reflection at (0 1 1 2 ). The magnetic moment of the AF state can be calculated from the observed intensity of this peak. Using the (0 2 1) peak as an extinction-free normalization, we compare the
)/F obs (0 2 1) ratio to the ratio previously measured by Hase et al. 18 for a different 3.4% Zn-doped crystal. Hase et al. calculated t he magnetic moment, µ ef f , extrapolated to zero temperature for that sample to be µ ef f = 0.22µ B . By comparing the normalized superlattice peak intensities, values for the magnetic moments of each of the Zn-doped samples are obtained, and are summarized in Table I . In all Zn-doped samples studied the SP dimer superlattice peak loses some intensity below T N . Since the superlattice peak intensity is directly related to the atomic displacements (I ∝ δ 2 ) this observation shows that the dimers are indeed adversely affected by the onset of a Néel ordering. To try to clear up the discrepancy between the present results and those of Hase et al. 18 , the 3.4% Zn sample used in that earlier study was re-examined. This sample was found to have a reasonably well defined peak only at higher energy transfer. Thus the overdamped modes observed in the Hase sample are limited to low energy SP magnetic excitations. We speculate that the AF modes may be underdamped in Hase's 3.4% Zn sample.
B. AF Excitations
Regnault and co-workers at the magnetic-zone center at energies of 0.11 and 0.17 meV. 24 We therefore searched for these AF excitation modes in our neutron studies of our best characterized higher doped crystal which has 3.4% Zn.
In our search for AF excitations, we encountered considerable difficulties mostly due to various kinds of spurious peaks appearing through the resolution function. After experimenting with two incident neutron energies and three different scattering zones, the proper experimental window was found in which the AF excitations can be characterized in a wide enough q-E range. Figure 7 depicts how the AF mode is sharp at low q values, but becomes significantly broadened at larger values of b * . Figure 8 demonstrates the dispersion and broadening which occurs as a function of q along a * . The AF mode along c * appears to be broad even for small q. It seems that the broadening occurs when the transfer energy, rather than q, exceeds a certain value. It is interesting to note that the broadening at higher q values is exactly opposite to the SP modes which are sharp at high q and broaden dramatically at smaller q. The AF excitation data are combined into full dispersion relations which are presented in Figure 9 , along with q maps showing where the measurements were carried out.
V. DISCUSSION
As we have already emphasized, the AF ordering in the Cu 1−x Zn x GeO 3 system takes place for as little as 0.42% Zn which has a T N = 0.6 K. It is now established that a very small Zn concentration is sufficient for long range AF ordering and that this long-range AF order is present in all Zn concentrations studied. These remarkable results have immediate consequences on theoretical models. Percolation type descriptions are ruled out as they would predict the onset of AF only after a certain amount of impurity islands have been formed; when the amount of Zn is too small, long range order could not exist in such a system. The present results instead lend weight to a theoretical model recently proposed by Fukuyama et al. 23 which predicts a standing wave long range order for arbitrarily small amounts of an impurity within a SP system, probably even at x = 0 for perfect crystals.
Our data of AF ordering in a 0.42% Zn crystal strongly support this theoretical prediction.
In contrast to the long-range correlations in the AF state, the SP phase exhibits increasing disorder with increasing Zn concentration; the SP superlattice reflection at (1.5, 1, 1.5) shows considerable line broadening with increasing x. Two recent x-ray studies 25, 26 generally agree with our results, one measures the line widths, and the other takes a new approach using critical scattering. It will be interesting to learn how the SP phase is grad-ually destroyed at high x values. It may be in this aspect where the distinction between site substitution of Zn for Cu is different from the bond disorder in substitution of Si for
Ge. The ability to grow uniform, large x single crystals of Cu 1−x Zn x GeO 3 is necessary for further quantitative studies. As discussed in the sample preparation description above, this ability is still forthcoming.
In the present study, evidence for AF and SP orderings have been presented along with detailed quantitative results for AF magnetic moment µ ef f and dimerization δ as a function of Zn concentration x. One important finding is that µ ef f scales well with T N . In addition, key characteristics of SP and AF magnetic excitations have been established. Contrasting behaviors are found in these excitations. The AF excitations show a distinctive peak in the small q and energy region. As the energy transfer increases, the AF excitation rapidly broadens, and above 1 meV it becomes indistinguishable from the background. On the other hand, the SP excitations show considerable line-broadening as the Zn concentration is increased, and this peak broadens at smaller q as well. These results will serve as critical tests for forthcoming theoretical models of this fascinating compound.
So far the problem has been treated as if the Zn content x is the only parameter with which to characterize the Cu 1−x Zn x GeO 3 system. There may be other issues at play, such as exact oxygen stoichiometry (which can have dramatic effects in other well-known oxide systems). Closer inspection of Table I reveals immediately that T N , µ ef f , and δ are not smooth functions of x. It may, in part, be due to inaccuracies in the experiments, but the variation is too large to be completely assigned to experimental errors. And the fact that the Hase 3.4% sample does not quite fit into the overall scheme remains a puzzle. Another example of how much is still to be learned about the CuGeO 3 system is the variance of T SP even for x = 0. An undoped crystal which is our most perfect crystalographically has a T SP of 13.2 K, one full degree lower than the accepted value of 14.2 K.
After writing this paper we became aware of a manuscript by Coad et al. 27 which discusses The AF mode can be seen clearly, its energy width is resolution limited at small q, but becomes significantly broadened at higher q. Lines are guides to the eye. 
